The aim of this study was to determine the efficiency of diet-cow-calf transfer of selenium (Se) depending on the forms of Se-supplement given to cows of Simmental breed during the last trimester of pregnancy and the first week of lactation. On day 195 of pregnancy the cows were randomly assigned to one of four experimental groups (n = 6), and the newborn calves belonged to the same group as their mothers (n = 6). The cows in the control group received diet without Se-supplement, while the supplemented groups received Se in equivalent doses in a powder form (Se-unprotected) or in a protected form (Se-protected) of sodium selenite or in organic compounds (Se-yeast), the calves received colostrum and milk from their mothers. The data about feed and Se intake, colostrum and milk daily production, Se concentration in colostrum, milk, and cows and calves blood serum were recorded. The diet-cow Se transfer efficiency was estimated as the following ratios: the concentration of Se in cows' serum after parturition/daily Se intake during prepartum; Se secretion in colostrum/daily Se intake during prepartum; and Se secretion in milk at 7 days of lactation/daily Se intake. The ratios were higher (P ≤ 0.02) in the Se-yeast group than in the other supplemented groups, in the Se-unprotected and Se-protected groups the ratios were similar (P > 0.05). The cow-calf Se transfer efficiency estimated as calves' serum concentration after birth/cows' serum concentration after parturition was similar (P > 0.05) in all experimental groups. The results showed that the form of Se supplement modulated the Se transfer from the diet to cows; Se was transferred more efficiently from the Se-yeast than from sodium selenite. The form of Se supplement did not affect the cow-calf Se transfer efficiency.
In mammals, selenium (Se) has been recognized as an essential trace element which plays a major role as a component of up to 30 selenoproteins with antioxidant, anti-inflammatory, and chemoprotective properties (reviewed by Reeves and Hoffmann 2009) . Plant feeds play a fundamental role in the nutrition of cattle; however, the amount of Se supplied in plants cultivated in the area of Central Europe is deficient (Brzoska et al. 2003; Pilarczyk et al. 2005) . The deficiency of Se was diagnosed in 23% of dairy cows and in 31% of calves in the Czech Republic (Pavlata et al. 2005) . In the 1960s, white muscle disease was diagnosed in young ruminants for the first time, and it was caused by the severe deficiency of Se (Muth et al. 1958) . Later, the results of the study carried out on cattle have shown that Se supplementation in Se-deficient cows has positive impact on their fertility, immune function, and growth and strengthening of the immune system (reviewed by Mehdi and Dufrasne 2016) . The deficiency of Se is especially critical for dams during late pregnancy, when the transfer of Se to doi: 10.17221/86/2016-CJAS the fetus occurs even when dams are deficient in Se (Enjalbert et al. 1999; Hefnawy et al. 2014 ). An adequate supply of Se for cows during late pregnancy and in newborn calves can be achieved through diet supplementation (Bayril et al. 2015) .
Se supplements for ruminants are classified into inorganic salts (such as sodium selenite and selenate) and organic compounds (such as selenomethionine and selenocysteine), which are found in Se-enriched yeast (Se-yeast) . Selenium in rumen is metabolized by microorganisms that can integrate the mineral in their own proteins as seleno amino acids or reduce selenium compounds into non-absorbable elemental Se, which is excreted in the feces (Galbraith et al. 2016) . Inorganic selenium has a lower rate of ruminal microbial uptake than the organic selenium sources (Panev et al. 2013 ). In addition, inorganic salts, commonly used in a powder form, are highly susceptible to dissolution and to form elemental Se in rumen environment. Se absorption from inorganic salts was improved in cattle that received salt granules covered with protective layers, which are partially stable in rumen and reduce the rate of dissolution of the salt in the rumen but effectively release sodium selenite in the subsequent sections of the gastrointestinal tract (Wlodarczyk and Birkle 2010) . The capabilities of various chemical and physical forms of Se compounds to appropriately meet the mineral requirements of pregnant cows and their offspring are evaluated by using indicators such as diet-cow Se transfer efficiency and Se transfer efficiency across the placenta ). The results of the studies with sheep and goats showed that the values of these indicators are modulated by the chemical forms of Se compounds (Pechova et al. 2012; Stewart et al. 2012) . The quoted results suggest that these indicators should be considered while balancing the feed ratio for cattle. However, these relationships have not been characterized for cattle.
The aim of the present study was to assess the effects of various forms of Se in Se supplement given to cows during the last trimester of pregnancy and the first week of lactation in equivalent Se doses as unprotected or protected sodium selenite or selenized yeast on the efficiency of diet-cow-calf Se transfer.
MATERIAL AND METHODS
The study animals were treated according to the Directive 2010/63/EU for animal studies, and the procedures used in this experiment were approved by the II Local Ethical Committee on Animal Testing in Krakow. The study was conducted at the Odrzechowa LLC Experimental Station of the National Research Institute of Animal Production in Poland.
Animals and diet. The study was carried out on 24 cows of Simmental breed from day 195 of pregnancy to day 7 postpartum and on 24 calves born to these cows from birth to day 8 of age. Cows were homogeneous for parities (mean n = 2.5 ± 0.3), body weight (687 ± 13 kg), body condition (point of score 3.93 ± 0.05), milk yield during the previous 305-day lactation (6481 ± 243 kg), and the mean percentages for total protein (3.4 ± 0.0) and fat (4.0 ± 0.1) contents in dry matter (DM) of milk. The study was conducted as a single-factor arrangement, and the form of Se in cows' diet was the study factor. On day 195 of pregnancy the cows were randomly assigned to one of four nutritional groups (n = 6) and their offspring calves belonged to the same study group as the mother (n = 6). The cows received the basal diet and mineral premixes without Se-supplement, the element was derived exclusively from plant feed (group No-Se), and with an equivalent of supplemented Se administered as an inorganic salt in the unprotected powder form (Se-uP), as the protected form of the same inorganic salt (Se-P), and as an organic compound in the form of selenized yeast (Se-Y). The inorganic Se (sodium selenite, Na 2 SeO 3 ) was used in the unprotected form (powder) and in the protected form as a coated granulated preparation SeProtect ® (Josera Poland Ltd., Poland), the organic Se was administered in the Se-yeast Alkosel R397 (Lallemand S.A.S., France). Se-yeast had a guaranteed concentration of 2.2 g/kg and 60% of Se was present as selenomethionine. The encapsulated form of sodium selenite was obtained in the production process by coating particles of salt by a layer of a rumen-insoluble substance. The study calves received colostrum and milk from their mothers. The concentration of Se in DM of daily rations in supplemented groups was in line with the recommendations of Nutrient Requirements of Dairy Cattle (NRC 2001) . The study animals were fed according to the recommendations of feeding standards: Ruminant Nutrition; Recommended Allowances and Feed Tables (Jarrige 1989 ). The cows' daily ration during prepartum was balanced according to the requirements in periods: doi: 10.17221/86/2016-CJAS I -days 195-216 of gestation (late lactation, lasting 21 ± 0.5 days), II -day 217 till parturition (dry and transit phases, lasting 72 ± 0.6 days), and the postpartum period from parturition till day 7 of lactation. The ingredient, chemical composition, and nutritional values of diets given to cows during the prepartum and postpartum periods are presented in Table 1 . The roughages and concentrate were offered individually in two meals at 8:00 h and 16:00 h (in equal portions), and the mineral premixes were offered once a day on top of the feeds in addition to the meal. Newborn calves were given 2.0 kg of mother's first milking colostrum within the first hour of life via a nipple bottle, and colostrum feeding was continued after 6 and 12 hours. After 24 h, mother's milk was used for calves' feeding three times a day via teat buckets. Cows were housed in individual tie stalls, had free access to water, and were milked thrice a day by a single bucket milking machine. Calving took place in individual stalls, and calves were removed from their dams and transported to an individual pen where they remained until the end of study.
Data and sample collection. The data about feed intake and feed refusals of cows were recorded daily and of calves at each feeding. The colostrum and milk production were monitored at each milking. The samples of cows' feed were collected every 2 weeks and then combined in a representative sample for study periods (4 samples for each ingredient). The cows' blood samples were taken on day 195 of pregnancy from randomly chosen 6 study cows and from all cows immediately after parturition. The calves' blood samples were taken at birth before suckling and on day 8 of age before morning feeding. The blood samples were collected by jugular venipuncture, allowed to clot at room temperature for 1 h before centrifugation at 1500 g for 10 min. The samples of colostrum were taken from cows from the first milking, and a representative sample of AM and PM milk was taken on day 7 of lactation. Feed, serum, colostrum, and milk samples after collection were placed at -20°C until required for the analysis. The Se contents in premixes used in diets for dry cows and lactating cows were (mg/kg DM): 0.0, 0.0 without Se; 14.6, 14.9 with unprotected Na-selenite; 15.9, 15.5 with protected Na-selenite; and 14.8, 14.3 with Se-yeast, respectively 5 estimated according to Jarrige (1989) doi: 10.17221/86/2016-CJAS analyzes for Se of feed, blood serum, colostrum, and milk were carried out according to AOAC (1997), Official Method 996.17, using an atomic absorption spectrophotometer (AAS Avanta ∑) with a hydride generator HG3000 (GBC Scientific Equipment PTY Ltd., Australia). The basic chemical composition of colostrum and milk was determined using the Fourier Transform Infra-Red spectrophotometer (MilkoScan FT 120 analyzer; Foss Electric A/S, Denmark).
Calculations.
The nutritional values of diets such as the protein value (protein digested in the small intestine, PDI), the energy value (energy units for milk production, UFL), and the fill value (fill units for lactating cows, LFU) were calculated according to the recommendations of feeding standards: Ruminant Nutrition; Recommended Allowances and Feed Tables (Jarrige 1989 ) by using the computer program INRAtion (Version 4.05, 1988 (Version 4.05, -2004 based on the chemical composition of the feeds. The Se concentration in the daily ration was calculated from the data regarding their content in individual feed plants, considering feed participation in the ration. Se transfer efficiency ratios were calculated by using the methods described by Stewart et al. (2012) . The diet-cow Se transfer efficiency was calculated as the ratio of the concentration of Se in cow serum immediately after parturition (μg/ml) to the mean daily Se intake during prepartum (mg), as the ratio of the amount of Se secreted in colostrum (mg) to the mean daily Se intake during prepartum (mg), and as the ratio of the amount of Se secreted in milk on day 7 of lactation (mg) to the mean daily Se intake (mg) during the whole study period. The Se transfer efficiency across the placenta was calculated as the ratio of the concentration of calf serum immediately after birth (μg/ml) to the concentration of cow serum immediately after parturition (μg/ml).
Statistical analysis. Statistical analyses were performed using STATISTICA (StatSoft 2006) software. The results of the study were analyzed as a one-factorial design with the main effect of the Se dietary treatment group using ANOVA and Duncan's multiple comparison procedure. Data were reported as Least Squares Means ± SEM, and the statistical significance of differences between treatments was declared when P-values were ≤ 0.05.
RESULTS
During the prepartum period (92.8 ± 0.5 days) and the postpartum period (7 ± 0 days), the mean daily intakes of dry matter (DM) (10.2 ± 0.05 and 17.6 ± 0.02 kg, respectively), of protein digested in small intestine (1014 ± 4 and 2268 ± 0.8 g, respectively), and of energy (14.8 ± 0.03 and 21.0 ± 0.01 units for milk production, respectively) were similar in all study groups of cows (P > 0.05). The Se concentration in daily ration given to cows that reached 0.35 ± 0.03 mg of Se/kg of DM was similar (P > 0.05) in all supplemented groups and was higher (P ≤ 0.01) compared with that estimated in daily ration given to cows in No-Se group that was 0.11 ± 0.03 mg of Se/kg of DM. The daily intake of Se in all supplemented groups of cows was similar (P > 0.05) and was higher (P ≤ 0.01) compared with that estimated in No-Se group of cows throughout the prepartum, postpartum, and the whole study period ( Table 2 ). The cows produced similar (P > 0.05) amounts of colostrum (14.2 ± 0.4 kg) not differing in DM content (232 ± 0.5 g/kg DM) and of milk on day 7 of lactation (21.2 ± 0.6 kg; 141 ± 0.3 g/kg DM) in all experimental groups. The mean daily consumption of colostrum (5.81 ± 0.1 kg on the 1 st day of life) and of milk (7.1 ± 0.1 kg on the 7 th day of life) was similar (P > 0.05) in calves in all experimental groups.
Selenium diet to cow transfer. Higher (P ≤ 0.01) Se concentrations were observed in colostrum and in milk in Se-Y group of cows compared with those in the other study groups ( Table 2 ). The concentration of Se in colostrum produced by cows in Se-P group was higher than the concentration of Se in colostrum produced by cows in Se-uP group (P ≤ 0.01); these groups did not differ in the Se concentration in milk (P > 0.05). The serum Se concentration in cows at the beginning of dietary treatment was found to be 0.047 ± 0.001 µg/ml (Figure 1 ). The highest (P ≤ 0.03) concentration of Se in blood serum immediately after parturition was found in cows from Y-Se group compared with the Se concentration in cows in other supplemented groups, and the Se concentration in cows from Se-uP and Se-P group was similar (P > 0.05). The Se transfer efficiency from diet to cows was found higher (P ≤ 0.02) in Se-Y group of cows in comparison with that found in other supplemented groups (Table 4 ). The Se transfer efficiency was similar in Se-uP and Se-P groups of cows (P > 0.05).
Selenium cow to calf transfer. The intake of Se in colostrum and in milk was higher (P ≤ 0.01) in calves from Se-Y groups in comparison with that found in calves from the other groups (Table 3) . The Se intake in colostrum was higher (P ≤ 0.01) in calves from Se-P group than that found in calves from Se-uP group; the Se intake in calves from Se-uP and No-Se groups did not differ (P > 0.05). Calves from No-Se, Se-uP, and Se-P groups received similar amounts of Se in milk (P > 0.05). The Se concentrations in blood serum estimated immediately after the birth and on the 8 th day of life in calves from No-Se and Se-uP group were similar (P > 0.05) and were lower (P ≤ 0.04) than in calves from Se-P and Se-Y groups (Figure 2 ). The efficiency of the Se transfer across the placenta was similar (P > 0.05) in all study groups (Table 4) .
DISCUSSION
The diet-cow Se transfer efficiency during the last trimester of pregnancy and consequently the amount of Se required for cows and their offspring are affected by the form of the Se supplements. The reference values of Se concentration in blood serum are in the range of 0.07-0.10 µg/ml for adult cattle and in the range of 0.05-0.70 µg/ml for newborn calves (Stowe and Herdt 1992) . According to the recommendations for mineral nutrition in moderate-yield cattle of the Simmental breed, ad- 
Diet-cow Se transfer efficiency
Cows' serum Se concentration immediately after parturition (μg/ml)/daily intake of Se during prepartum ( The concentration of Se in the blood serum of all the study calves immediately after birth was found to be below the reference value, but the concentration of Se attained the reference values on the 8 th day of age in calves born from cows fed organic Se and protected inorganic supplement salts and in those receiving colostrum and milk from their mothers. The results indicate that the selenium requirement being met in pregnant cows and their offspring calf is not only dependent on the concentration of the element in the diet, but also highly dependent on the efficiency of the diet-cow and cow-calf Se transfer.
Selenium transfer from the Se-supplemented diet to cow. In this study, the efficiency of the Se transfer from diet to cows was characterized by the ratios defined as the Se concentration in cow serum immediately after parturition, the amount of Se secreted in colostrum, or the amount of Se secreted in milk on day 7 of lactation, all of them in relation to the mean daily intake during the period before measurement. All the specified ratios reached a higher value in the supplemented group of cows fed Se in the form of organic compounds in comparison with those estimated in groups that received Se additives in the form of inorganic salts. The results showed that Se is transferred more efficiently from Se yeast than from sodium selenite, and the Se transfer from a protected or unprotected inorganic salts is similar. The cows which received Se-enriched yeast had greater Se concentrations in blood serum (32%), in colostrum DM (44%), and in milk DM (128%) than the cows fed equivalent doses of inorganic Se salts (100% established in the cows that received inorganic salts). The obtained results are consistent with those found in most studies in dairy cattle, showing that the cows receiving organic form of Se were characterized by higher concentrations of the mineral in blood serum (within the limits from 36 to 140%), in colostrum (up to 200%), and in milk (from 90 to 190%) compared with those receiving inorganic salts (Rowntree et al. 2004; Weiss and Hogan 2005; Salman et al. 2013; Hall et al. 2014 ). The differences between the chemical forms of Se compounds in the diet-cow Se transmission may be due to the reactions that occur in the rumen environment. The transformation pathways that take place in the rumen are highly dependent on the type of Se chemical compounds, even though the fermentation parameters such as pH, total acidity, as well as the concentrations of lactic acid, ammonia, and volatile fatty acids are independent of the type of Se supplements (Panev et al. 2013) . Under the in vitro condition of ruminal incubation, it was recognized that the integration of Se into the microbial protein was greater and the formulation of non-absorbable elemental Se was lower from Se-methionine compared with Se generated from inorganic salts (Galbraith et al. 2016) . The increase of Se incorporation into the microbial protein improves the bioavailability of Se in the small intestine of ruminants, and, on the contrary, elemental Se is poorly absorbed and is mostly retrieved in feces . Results of the studies cited earlier suggest that the differences in the diet-cow Se transfer efficiency could be explained by the differences in the metabolism of Se compounds in the rumen environment. Results of the present study showed that the Se transfer from Se-supplemented diet to cows is most effective in organic compounds.
Selenium transfer from Se-supplemented cows to their offspring. The forms of Se supplements do not affect the efficiency of Se transfer across the placenta. In this study, the efficiency of Se transport to the fetus was characterized by the ratio of Se concentration in the blood serum of newborn calves to that in the blood serum of the mother at parturition. Although the Se concentration in the serum of cows supplemented with the organic supplements was 1.3-fold higher than that established in the cows that received inorganic salts, the efficiency of Se transportation to the fetus was estimated to be ~0.56. Simultaneously, the Se concentration in the serum of calves born to cows fed with Se-enriched yeast was 1.3-fold higher in comparison with that found in calves born to cows that received inorganic salts. The efficiency of Se transfer across the placenta found in this research is lower than that estimated previously in cattle as a correlation of Se concentrations between fetus-dam in liver (r = 0.65; Gooneratne and Christensen 1989) and in whole doi: 10.17221/86/2016-CJAS blood (r = 0.63; Patterson et al. 2013) . It may be assumed that the main reason for the higher value of this relationship presented in the cited studies was the comparison of Se concentration in the liver and in the whole blood. In reference to the correlation between Se concentrations in liver, the liver is considered as a storage organ that can accumulate Se even in deficit (Herdt et al. 2000) . The maternal supplementation of Se increased Se reserves in the liver of the newborn to meet the Se needs for the normal growth and health (Abdelrahman and Kincaid 1995) . The whole blood Se concentrations did not significantly decline even when mineral intake began to decline, and this indicator reflects more chronic or "historical" Se status, whereas serum Se concentration reflects more recent changes in Se nutrition (Stowe and Herdt 1992; Patterson et al. 2013 ). According to the indicators presented in the work cited earlier, the Se concentration in blood serum is more reflective than the concentration in liver or whole blood and may be a more adequate indicator of the nutritional status of Se. The efficiency of Se transfer across the placenta estimated in this research is close to that in sheep which was estimated to be 0.50-0.84 (serum concentration of the mineral) . The obtained results indicate that the relationship between the Se concentration in the blood serum of cows and that of calves born to these cows is a constant, irrespective of the form of Se additives used.
Effects of reduction of Se inorganic salts rumen dissolution. The results of the present study partly confirm the hypothesis that the use of Se from inorganic salts in cattle could be improved by reducing the rate of dissolution in the rumen. In this study, cows in the group that received protected salts produced Se-rich colostrum, and the calves born to those cows were characterized by higher concentration of serum immediately after the birth and on the 8 th day of life compared with those in the group fed unprotected sodium selenite. The results indicate that more Se from the protected form has been used for the synthesis of colostrum and also for attaining the mineral needs of the fetus. The greater use of Se from protected forms of inorganic salts compared with the use of Se from unprotected forms may be the result of the higher efficiency of incorporation of the element into the microbial protein in rumen and also because of the improved delivery of nutrients for the synthesis of colostrum and to the fetus during pregnancy. The highest intensity of incorporation of Se in the bacterial and the protozoa mass was observed 3 h after a meal in the rumen of a wether (Serra et al. 1994) . After this period, the authors noted a rapid decline both in the Se concentration in rumen liquid and in the incorporation of Se in microbial mass. The concentration of Se seemed to be the basic factor of the uptake of Se by Selemmonas ruminantium, a ruminal bacterium with high affinity to the incorporation of Se into seleno amino acids (Hudman and Glenn 1984) . These results suggest that slower dissolution from the protected form of Se supplement prolonged the baseline concentration level in the rumen and consequently resulted in a more efficient incorporation of Se into the microbial mass; however, there is no analysis in this area. The processes of delivery of nutrients to the fetus and to the colostrum were under the control of the endocrine system. The results of the current study showed that Se is essential for optimal endocrine function and that dietary Se nutritional plane influenced the seleno-dependent hormone homeostasis in both pregnant ewes and their offspring (Hefnawy et al. 2014; Lemley et al. 2014 ). In addition, relatively high concentrations of Se were found in the endocrine tissues as thyroid even when there was a severe dietary deficiency (Bates et al. 2000) . By modifying the expression of selenoproteins, Se is responsible for exerting multiple actions of the endocrine systems (Beckett and Arthur 2005) . The results of the present study showed that cows receiving protected salts produced Se-rich colostrum and that the serum of calves born to these cows contained more Se. Higher absorption from the protected forms affects the activities of endocrine pathways responsible for incorporating the mineral in the colostrum during the synthesis and in the fetus during pregnancy. Despite the presented positive changes in the concentration of Se in colostrum and in serum of calves, the estimated diet-cow Se transfer efficiency ratios remained unchanged. The insufficient improvement of Se transfer from diet to cows by the protection of inorganic salts is difficult to explain. It seems that the difference in the Se concentration in colostrum and in serum of calves was too small to be reflected in the estimated transfer efficiency ratios.
Selenium transfer from Se-unsupplemented diet to cows and their offspring calves. The trans-doi: 10.17221/86/2016-CJAS fer efficiency of Se from Se-unsupplemented diet into the colostrum and into the milk was found two times more efficient compared with that estimated in other study groups, whereas the transfer efficiency of Se across the placenta has been found to be similar in all study groups. The 9% decrease of concentration of Se in blood serum of cows (the concentration of Se on day 195 of pregnancy established as 100%) during the last trimester of pregnancy stated in this experiment indicated that Se-deficient cows provide Se to the detriment of their health to ensure adequate intake of the fetus and the newborns, while at the same time their own Se status has been reduced. These data confirm the results that an efficient Se transfer occurs from the pregnant animal to newborns, even in situations of low concentration of the element in the parent (Hefnawy et al. 2014; Mehdi and Dufrasne 2016) . The results of the present study also showed that under the conditions of selenium deficiency in the diet, despite cow-mother effort, the concentration of Se in blood serum of the calf was found to be by 48% lower than the approved reference values for the newborn calf (estimated as 100%).
CONCLUSION
The form of Se supplement modulates the Se saturation of the maternal and their offspring by the efficiency of the element transfer from the diet to cows. The Se transfer from the diet to cows is most effective from Se-enriched yeast compared with the transfer from sodium selenite. The feeding Simmental cows during the last trimester of pregnancy with ration supplemented with Se in the form of Se-enriched yeast to the level of 0.03 mg/ kg DM of diet meets the requirement of pregnant cows and on the 8 th day of life of their calves fed with colostrum and milk from the mother. The ration containing an equivalent of Se in supplement in the form of sodium selenite does not prevent Se deficiency in cows and their calves. The efficiency of Se transfer across the placenta (0.56 ± 0.03) is not affected by the supplementation and by the form of Se supplement. In cows that received diet without Se supplementation, the efficiency of Se transfer across the placenta is the same, resulting in deepening of Se deficit in cows at parturition. Presented indicators should be considered while balancing feed rations for cows during pregnancy.
